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SUMMARY 

The Discovery  v e h i c l e  was found t o  have  l o n g i t u d i n a l  and l r t e r a l  aerodynamic  
c h a r a c t e r i s t i c s  s i m i l a r  t o  t h o s e  o f  t h e  Columbia and C h a l l e n g e r  v e h i c l e s .  The 
l a t e r a l  aerodynamic  c h a r a c t e r i s t i c s  of  t h e  Columbia and C h a l l e n g e r  v e h i c l e s  a r e  r e i t -  
e r a t e d  an'd t h e  r e su l t s  from t h e  D i s c o v e r y  f l i g h t  t e s t  a r e  added t o  t h i s  d a t a  b a s e .  
The l o n g i t u d i n a l  a e r o d y n a m i c s  r e s u l t i n g  from t h e  a n a l y s i s  o f  f l i g h t  d a t a  from a l l  
t h r e e  v e h i c l e s  a r e  a l s o  shown. The v a l u e s  o f  t h e  l a t e r a l  and l o n g i t u d i n a l  p a r a m e t e r s  
a r e  compared w i t h  t h e  p r e f l i g h t  d a t a  book. The l a t e r a l  p a r a m e t e r s  showed t h e  same 
t r e n d s  a s  t h e  d a t a  book. With t h e  e x c e p t i o n  o f  C 

'5, f o r  Mach numbers g r e a t e r  t han  2 and f o r  Mach numbers less t h a n  1.5, where 
t h e  v a r i a t i o n  b o u n d a r i e s  were no t  w e l l  d e f i n e d ,  n i n e t y  p e r c e n t  o f  t h e  e x t r a c t e d  v a l -  
ues  of  t h e  l a t e r a l  p a r a m e t e r s  f e l l  w i t h i n  t h e  p r e d i c t e d  v a r i a t i o n s .  

f o r  Mach numbers g r e a t e r  t h a n  
kt3 

Cn6, 

The l o n g i t u d i n a l  p a r a m e t e r s  showed more s c a t t e r ,  b u t  s c a t t e r e d  a b o u t  t h e  p re -  
f l i g h t  p r e d i c t i o n s .  With t h e  e x c e p t i o n  o f  t h e  Mach 1 .5  t o  .5 r e g i o n  o f  t h e  f l i g h t  
e n v e l o p e ,  t h e  p r e f l i g h t  p r e d i c t i o n s  seem a r e a s o n a b l e  r e p r e s e n t a t i o n  o f  t h e  S h u t t l e  
aerodynamics .  The models  d e t e r m i n e d  accoun ted  f o r  n i n e t y  p e r c e n t  o f  t h e  a c t u a l  
f l i g h t  t ime  h i s t o r i e s .  

INTRODUCTION 

During t h e  d e s i g n  of  t h e  Space S h u t t l e ,  l a r g e  q u a n t i t i e s  o f  w i n d - t u n n e l  d a t a  
were accumula t ed .  T h i s  i n f o r m a t i o n  was assembled  i n t o  a d a t a  b a s e  which is  assumed 
t o  d e s c r i b e  t h e  aerodynamic  c h a r a c t e r i s t i c s  of  t h e  S h u t t l e  v e h i c l e  o v e r  a l a r g e  r a n g e  
o f  f l i g h t  c o n d i t i o n s .  The r e s u l t i n g  document w i l l  be  r e f e r r e d  t o  a s  t h e  p r e f l i g h t  
d a t a  book ( r e f .  1 ) .  

S p e c i a l  maneuvers  were performed d u r i n g  t h e  deve lopment  f l i g h t s  of  t h e  S h u t t l e  
For t h e  pu rpose  o f  d e t e r m i n i n g  t h e  s t a b i l i t y  and c o n t r o l  p a r a m e t e r s  a t  s e l e c t e d  
p o i n t s  on  t h e  d e s c e n t  t r a j e c t o r y .  Even a f t e r  t h e  S h u t t l e  became o p e r a t i o n a l ,  a l i m -  
i t e d  number o f  maneuvers  were performed d u r i n g  t h e  d e s c e n t  t o  t h e  l a n d i n g  s i t e .  The 
r e s p o n s e s  t o  t h e s e  maneuvers  were a n a l y z e d  and t h e  s t a b i l i t y  and c o n t r o l  p a r a m e t e r s  
o b t a i n e d  were used t o  augment t h e  p r e f l i g h t  d a t a  b a s e .  The f l i g h t - d e r i v e d  aerodynam- 
i c s  were u s e d  t o  v e r i f y  t h e  p r e f l i g h t  d a t a  book and t o  s u g g e s t  a r e a s  o f  t h e  p r e f l i g h t  
a n a l y s i s  t h a t  d i d  n o t  a c c u r a t e l y  p r e d i c t  t h e  aerodynamic  c h a r a c t e r i s t i c s  o f  t h e  
vehicle. 

The r e s u l t s  o f  t h e s e  a n a l y s e s  f o r  t h e  l a t e r a l  aerodynamic  p a r a m e t e r s  f o r  t h e  
Columbia and C h a l l e n g e r  v e h i c l e s  have b e e n  assembled  and r e p o r t s  u s i n g  t h e  f l i g h t -  
d e t e r m i n e d  p a r a m e t e r s  from t h e  f i r s t  e i g h t  S h u t t l e  f l i g h t s  have  b e e n  p r e s e n t e d  a t  a 
number of  c o n f e r e n c e s  ( r e f s .  2 - 6 ) .  The main emphas is  i n  t h e  a n a l y s i s  o f  S h u t t l e  
f l i g h t  d a t a  h a s  been  o n  t h e  i d e n t i f i c a t i o n  o f  t h e  l a t e r a l  aerodynamics  o f  t h e  v e h i c l e  
h e c n u s e  t h e  p r e f l i g h t  a n a l y s e s  i n d i c a t e d  p o t e n t i a l  l a t e r a l  i n s t a b i l i t i e s  in some 
€ 1  i g h t  r eg imes .  The l o n g i t u d i n a l  aerodynamic  p a r a m e t e r s  were d e t e r m i n e d  from 
s e l e c t e d  r u n s  f o r  t h e  Columbia and C h a l l e n g e r  S h u t t l e  v e h i c l e s  and t h e s e  r e s u l t s  w i l l  

p r e s e n t e d .  

T h i s  paper w i l l  supplement  t h e  e x i s t i n g  f l i g h t - d e r i v e d  p a r a m e t e r  d a t a  b a s e  by 
adding  b o t h  l o n g i t u d i n a l  and l a t e r a l  r e s u l t s  u s i n g  f l i g h t  t e s t  d a t a  from t h e  Space  
S h u t t l e  D i scove ry .  These r e s u l t s  w i l l  be  compared w i t h  t h e  l o n g i t u d i n a l  and l a t e r a l  
r e s u l t s  from Columbia and C h a l l e n g e r .  The maneuvers  per formed u s i n g  D i s c o v e r y  a r e  
s i m i l a r  t o  t h o s e  used w i t h  Columbia and C h a l l e n g e r .  
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acceleration measured along X, Y, and Z body a x z s ,  respectively, 
g units 

wing span, m (ft) 

wing mean geometric chord, m (ft) 

rolling-moment coefficient, M ~ / Q s ~  

aerodynamic moments For trimmed flight 

pitching-moment coefficient, My/iSc 

yawing-moment coef Ficient, MZ/QSb 

axial-force coefficient, F ~ / Q s  

aerodynamic force for trimmed flight 

lateral-force coefficient, F*/;S 

trim coefficient 

normal-force coefficient, F ~ / Q s  

vector of measurement error 

vector function representing equations of  motion 

force along X, Y, and Z body axes, respectively, N ( l b )  

acceleration due to gravity, 9.81  m/sec2 (32.2 Et/sec2) 

vector Function representing measurement equations 

2 moment of inertia about X, Y, and Z body axis, respectively, kg-m 
2 (slug-ft ) 

2 product of  inertia, kg-m2 (slug-ft ) 

cost Function 

number of  data points 

1 i k e l  ihood function 

mass, kg (slugs) 

rolling, pitching, and yawing moments, respectively, N-m (ft-lb) 

rate of  roll, pitch and yaw, radfsec o r  degfsec 
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Sr ihsc r  i p  t s :  

dynamic p r e s s u r e ,  p V L / 2 ,  Pa ( p s i )  

measurement n o i s e  c o v a r i a n c e  m a t r i x  

wing a r e a ,  m2 ( f t 2 )  

t ime, s e c  

v e l o c i t y  a l o n g  X-body a x i s ,  m/sec  ( f t / s e c >  

i n p u t  v e c t o r  

v e l o c i t y  a l o n g  Y-body a x i s ,  m/sec ( f t l s e c )  

a i r s p e e d ,  m/sec  ( f t / s e c >  

v e l o c i t y  a l o n g  2-body a x i s ,  m/sec  ( f t / s e c >  

v e c t o r  of  s t a t e s  

v e c t o r  of  o u t p u t s  

a n g l e  of  a t t a c k ,  rad  

s i d e s l i p  a n g l e ,  r ad  

a i l e r o n  d e f l e c t i o n ,  r ad  

e l e v a t o r  d e f l e c t i o n ,  r ad  o r  deg.  

r u d d e r  d e € l e c t i o n ,  r ad  

RCS c o n t r o l  te rm,  number of  j e t s  f i r i n g  

v e c t o r  of  unknown p a r a m e t e r s  

p i t c h  a n g l e ,  r ad  

r o l l  a n g l e ,  r a d  

b i a s  on r o l l  r a t e ,  r a d / s e c  

q u a n t i t y  a t  i t h  t ime  

rnc?asured q u a n t i t y  

r o t a r y  d e r i v a t i v e s  

s t a t i c  d e r i v a t i v e s  w i t h  r e s p e c t  t o  a 

s t a t i c  d e r i v a t i v e s  w i t h  r e s p e c t  t o  8 

c o n t r o l  d e r i v a t i v e s  w i t h  r e s p e c t  t o  i n d i c a t e d  q u a n t i t y  
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t trimmed value 

x , y , z  longitudinal, lateral, and vertical body axes 

Matrix exponents: 

7’ transpose of matrix 

- 1  inverse of matrix 

Mathematical notation: 

A estimated quantity when over symbol 

V 

Abbreviations: 

A C I P  

RET 

IMIJ 

La RC 

MMLE? 

PTI  

K C S  

RGA, AA 

svrs 

derivative with respect to time when over symbol 

gradient operator 

Aerodynamic Coefficient Tdent i€ication Package 

Rest Estimated Trajectory 

Inertial Measurement Unit 

Langley Research Center 

ModiEied Maximum Likelihood 

Programmed Test Input 

Reaction Control System 

Rate Gyro Assembly, Accelerometer Assembly 

Space Transportation System 
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TEST V E H I C L E  

I -  , -  

The o . r b i t e r  c o n f i g u r a t i o n  i s  shown i n  f i g u r e  I and key p h y s i c i l  c h a r a c t e r i s t i c s  
# i r e  g i v e n  in  T a b l e  1. The t h i c k ,  d o u b l e  d e l t a  wing i s  c o n f i g u r e d  w i t h  f u l l  s p a n  e le-  
vons ,  compr ised  of  two p a n e l s  per  s i d e .  Each e l e v o n  p a n e l  i s  i n d e p e n d e n t l y  a c t u a t e d .  
A l l  f o u r  p a n e l s  nr? d e f l e c t e d  s y m m e t r i c a l l y  a s  an  e l e v a t o r  f o r  p i t c h  c o n t r o l ,  and 
l e f t  and r i g h t  e l e v o n s  a r e  d e € L e c t e d  d i € f e r e n t i a l l y  a s  a n  a i l e r o n  ( & a )  f o r  r o l l  
c o n t  r v l .  

The body €Lap is  used a s  t h e  p r i m a r y  l o n g i t u d i n a l  t r i m  d e v i c e .  The e l e v o n s  are  
progrnmm~d i n  c o n j u n c t i o n  w i t h  t h e  body f l a p  t o  f o l l o w  a s e t  s c h e d u l e  t o  p r o v i d e  t h e  
L\esiretI a i  Leton e f f e c t i v e n e s s .  

The b e r t i c n l  t a i l  c o n s i s t s  of  t h e  € i n  and a s p l i t  r u d d e r .  The r u d d e r  p a n e l s  a r e  
d e f l e c t e d  for  yaw c o n t r o l  and a r e  s e p a r a t e d  t o  a c t  a s  a speed  b r a k e  t o  p r o v i d e  f o r  
s u b s o n i c  e n e r g y  m o d u l a t i o n .  The speed  b r a k e  opens  f u l l y  (87.2 d e g r e e s )  j u s t  be low 
Mach 10 arid t h e n  f o l l o w s  a p r e d e t e r m i n e d  s c h e d u l e  u n t i l  Mach 0.9 i s  r e a c h e d .  The 
r u d d e r  i s  n o t  a c t i v a t e d  u n t i l  Mach 5. 

S t a b i l i t y  a u g m e n t a t i o n  i s  p rov ided  by t h e  a f t  r e a c t i o n  c o n t r o l  s y s t e m  (RCS) 
j e t s ,  w i t h  t h e  Forward j e t s  r e s e r v e d  f o r  o n - o r b i t  a t t i t u d e  c o n t r o l  and f o r  a b o r t  

mni ie i~vers .  The :i€t yaw j e t s  a r e  a c t i v e  u n t i l  Mach 1, w h i l e  t h e  p i t c h  and r o l l  j e t s  
;ire t e rmi i i a t ed  a t  a p re s su re  of 20 and 10 pounds per  s q u a r e  f o o t ,  r e s p e c t i v e l y .  
A ~ l d i t i o n n l  d e t a i l s  of  t h e  S h u t t l e  v e h i c l e  and i t s  s y s t e m s  a r e  g i v e n  i n  r e f e r e n c e  1. 

MANEUVERS 

S p e c i a l l y  d e s i g n e d  maneuvers  were per formed t o  o b t a i n  d a t a  f o r  u s e  i n  e x t r a c t i n g  
. i ~ r o J y n n i n i c  p a r a m e t e r s .  These maneuvers  were per formed t o  o b t a i n  d a t a  a t  s p e c i f i c  
p o i n t s  d u r i n g  t h e  d e s c e n t  t r a j e c t o r y .  The t e s t  p o i n t s  were c h o s e n  so t h a t  
.icro(lynainic: p a r a m e t e r s  c o u l d  h e  d e t e r m i n e d  a l o n g  t h e  d e s c e n t  t r a j e c t o r y  t o  v e r i f y  t h e  
;ierodyii:imic m o d e  1 o b t a i n e d  from t h e  wind t u n n e l  t e s t s .  T h i s  v e r i f i c a t i o n  p r o c e d u r e  
wi I 1  n ~ t c l  c o n f i d e n c e  t o  t h e  sssumed ae rodynamics  o f  t h e  S h u t t l e  where t h e r e  is  a g r e e -  
m ~ ~ i i t  and w i l l  p o i n t  t o  a r e a s  o €  p o t e n t i a l  i n a c c u r a c y  where t h e r e  i s  no ag reemen t .  

TIif a c t u a l  forms o €  t h e  i n p u t s  t o  be  per formed were deve loped  u s i n g  a S h u t t l e  
s i r n i i  ! a t  i o n  t o  ~ : e n e r n t e  r e s p o n s e s  € o r  v a r i o u s  i n p u t s  and t h e n  e x t r a c t i n g  p a r a m e t e r s  
tram the: ;?  responses. The c o n t r o l  i n p u t s  t h a t  gave t h e  b e s t  d e f i n i t i o n  of t h e  p a r a m -  

. r t r r s  o f  i n t e r e s t  were t h e n  u s e d  € o r  t h e  F l i g h t  t e s t s .  In  s p i t e  o f  t h e  c a r e  t a k e n  t o  
~ le s ip ,n  r l f e c t i v e  i . npu t s ,  b e c a u s e  t h e  a u t o m a t i c  c o n t r o l  sys t em was a c t i v e ,  t h e  con- 
LroLs were coupl;.d and t h e  r 2 s i i l t i n g  r e s p o n s e s  were r educed  i n  magn i tude  and c o r r e -  
l : i t t s d  w i t h  , ? ~ c l i  o t h e r  and t h e  c o n t r o l  i n p u t s .  T h i s  led  t o  i d e n t i f i a b i l i t y  and  
c o r r e  t a t  ion o f  p a r a m e t e r  problems d u r i n g  t h e  e x t r a c t i o n  p r o c e s s .  A d d i t i o n a l  d e t a i l s  

t l i ?  innn<?uvzr t i e s ign  a r e  g i v e n  i n  r e € e r e n c e  7.  

INS'~KII~IEN'T/\'TION AND DATA P R O C E S S I N G  

As ;I ~1.7vI~1opinent  v e h i c l e ,  t h e  S h u t t l e  i s  f u l l y  i n s t r u m e n t e d  and h a s  a number of 
r . -~< l~~nc ln r i t .  sys  terns f o r  measu r ing  various v e h i c l e  s t a t e s  and c o n t r o l s .  The i n s t r u m e n t  
p.~ick, i ; ;e:;  w i  I 1  h. ment ioned  s p e c i f i c a l l y .  F i r s t  is t h e  Aerodynamic C o e f f i c i e n t  Iden-  
t i  f i c n t  ion I ' a c k n g ~  ( A C I P ) ,  an  i n s t r u m e n t a t i o n  package  s p e c i f i c a l l y  d e s i g n e d  t o  mea- 
siir4 r a t e s ,  a c c e l e r a t i o n s ,  and c o n t r o l  s u r f a c e  p o s i t i o n s  r e q u i r e d  f o r  p a r a m e t e r  
i c l e n t i f i c a t i o n .  The K I P  d a t a  were r e c o r d e d  a t  172 samples  p e r  second.  Second i s  
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the instrumentation € o r  the flight guidance and control system, the Rate Gyro Assem- 
bly and Accelerometer Assembly (RGA,AA), which is a source for acceleration and rate 
measurements. The RGA,AA data were recorded at 25 samples per second but are very 
n o i s y .  The third source of flight measurements is the navigation instrumentation, 
t h e  Inertial Measurement Unit ( I M U ) .  The IMU measurements are high fidelity but are 
recorded at only one sample per second which limits their usefulness. 

The ACIP data were the primary source f o r  the linear and angular accelerations, 
angular rates and control surface deflections. 
to determine the jet thrust, and these measurements came from the vehicle operational 
instrumentation. 

The RCS chamber pressures were used 

The data considered most reliable were used to generate a best estimated trajec- 
tory (BET) for the Shuttle vehicle. The data written to tapes for the parameter 
extraction consisted of only those maneuvers considered appropriate for extraction. 
The linear and angular rates and control surface deflections came from the ACIP in- 
strumentation. The RET angular rates and linear accelerations at the start of a 
maneuver were taken as initial conditions, and the rates and accelerations were inte- 
grated over time to obtain angular positions and vehicle velocities. 
were then corrected for the effect of winds, and the resulting components were used 
to calculate the vehicle total velocity, angle of attack, and angle-of-sideslip. 
This combined data set is recorded at 25 samples per second and comprises the data 
~:ontained on the tape to be processed by the parameter extraction software. Addi- 
t i o n a l  details on the instrumentation and data processing can be found in refer- 
ences 8, 9 ,  and 10. 

The velocities 

EQUATIONS OF MOTION 

The lateral-direction equations of motion used in this study are based on per- 
turhations about trimmed flight conditions and are written relative to the body axes 
shown i n  figure 1. The equations are 

. i s  
m v = -ru + pw + g cos 0 sin r$ + - 

$I = p + r cos r$ tan €I + sin 41 tan €I + r$ 
0 
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w h e r e  

c Y = C y  + C  B + C y  = + C y  Pb - 2v r b  + c ( 6 r  - 6 r t )  
8 P r 6r Y 

0 

+ (: ( 6a - 6'3 ) + c: 6KCS 
t 

'6KCS 64 

( 6 r  - 6 r t )  
r b  

6r 
c: = C L  + c B + C L  @.+ *" C 

0 53 P 
L 

+ c ( 6 a  - & a t )  + Cy 6KCS 
'6a 6KCS 

+ c ( 6 a  - & a t )  + Cn 6RCS 
6KCS 

n 
6a 

(7) 

The r o s i i l t s  o f  t h i s  s t u d y  a r e  based  on maneuvers  pe r fo rmed  a t  v e l o c i t i e s  o f  
M a c h  1 n rd  h i g h e r .  For t h i s  r e a s o n  t h e  terms c o n t a i n i n g  v e l o c i t y  a r e  s u f f i c i e n t l y  
s m c t  1 1  t h a t  t h e  e q u a t i o n s  of  mot ion  a r e  c o n s i d e r e d  e s s e n t i a l l y  i n s e n s i t i v e  t o  t h e  ro- 
t a r y  d e r i v a t i v e s  and t o  C L b  and C n i ;  
% p r o  t h r o u g h o u t  t h i s  s t u d y .  

T h e  e q i ~ a t i o n s  used t o  d e s c r i b e  t h e  

- 
= - q w  + rv - g sin e + qS c 

m X  

t h e r e f o r e ,  t h e s e  d e r i v a t i v e s  a r e  f i x e d  a t  

l o n g i t u d i n a l  m o t i o n s  were 

i s  
m 'Z 

w = -pv + q u  + g c o s  e c o s  (I + - 

I x z  2 2 is, 
IY IY Y 

I 5 -  x q = i i r - - + - ( r  - p ) + r C  
m 

6 = q c o s  4 - r s i n  4 

1 .  
3 = - ( u  + q w  - r v  + g s i n  e )  
x g  

(8) 

(9) 

(10 )  

(11) 

( 1 2 )  
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1 .  a = - (w + pv - qu - g cos 0 cos $1 
z g  

v =  4- u + v  + w  

-1 w a = tan - 
U 

-1 v B = sin - V 

cx - - cx,o + cX ( a  - at) 
a 

( 1 3 )  

( 1 7 )  

(18)  

MAXIMUM LIKELIHOOD ESTIMATION 

Stability and control derivatives were extracted using the maximum likelihood 
estimator. Among other statistical properties, the maximum likelihood estimator is 
asymptotically eE€icient and asymptotically unbiased. 
inrlxiinizing the likelihood function of  the measurement errors, which is the product of 
the probability density functions evaluated at each measurement time. This approach 
requires that the €orm of  the measurement error distribution is known; it is normally 
; I S  sumed t h is d is t r ibut ion is Gaussian. 

This estimator consists o f  

It i s  assumed the actual system can be modeled as 

y(t.) = G(X,U,O,ti) + e;, i = 1,2,...,k ( 2 1 )  
1 

w h e r e  equation ( 2 0 )  is a vector representation o €  equations (1) to ( 4 )  or equa- 
tions (8) to ( 1 3 )  and equation (21) i s  a vector representation of  the measurements. 
I n  t h e s e  equations, X is the state vector, U the vector of  controls, 0 the 
v e c t o r  o €  stability and control derivatives, t is time, and e; the vector of  
iiiea~;iit-erneiit noise €or the measurements at time ti. 
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If i t  is assumed t h a t  t h e  measurement  n o i s e  i s  G a u s s i a n ,  t h e n  t h e  l i k e l i h o o d  
f u n c t i o n  ( r e f .  11)  i s  

where t h e  s u b s c r i p t  M d e n o t e s  a c t u a l  measurements  and R i s  t h e  measurement  co- 
v:rr iance m a t r i x .  Taking  t h e  n a t u r a l  l o g a r i t h m  o €  e q u a t i o n  ( 2 2 )  and m u l t i p l y i n g  by -1 
y i e ~ t l s  the  c o s t  f u n c t i o n  

-1 N 

i = l  
J(O) = - tog  L(Y,O) = - 1 1 [YM(ti) - Y ( t i ) I T  R [YM(ti) - y ( t i ) ]  2 

( 2 3 )  N 
2 + - l og  R + 2N log  2 n  

! f n x i m i z n t i o n  o f  e q u a t i o n  ( 2 2 )  w i t h  respect  t o  0 i s  e q u i v a l e n t  t o  m i n i m i z a t i o n  of 
e q u a t i o n  : 2 3 )  w i t h  r e s p e c t  t o  0. The l a s t  term on t h e  r i g h t  i s  c o n s t a n t  r e l a t i v e  t o  
0 and c a ?  b e  n e g l e c t e d ;  i f  R i s  known, t h e  second term c a n  a l s o  b e  n e g l e c t e d  f o r  
t h e  same r e a s o n .  M i n i m i z a t i o n  of  t h e  r ema in ing  term r e s u l t s  i n  s o l v i n g  V J  A = 0 
w h i c h  g i v e s  t h e  e s t i m a t e s  Q=o 

A 

S i n c e  ;1 s e q t ~ e i i c r  of  e s t i m a t e s ,  0 a r e  o b t a i n e d  i t e r a t i v e l y ,  t h e  p r o c e s s  must  b e g i n  

w i t h  i n i t i n !  p a r n m + t e r  e s t i m a t e s ,  O0.  
j , ,  

I f  K is unknown i n  e q u a t i o n  ( ? 3 ) ,  d i r e c t  m i n i m i z a t i o n  o f  J ( O )  w i t h  r e s p e c t  
t o  0 ; ~ n d  K i s  c o m p l i c a t e d  b y  t h e  € a c t  t h a t  R i s  an i m p l i c i t  f u n c t i o n  of  0. A 
s i ~ n p t s r  i ~ p p r ~ a c h  i s  t o  minimize  w i t h  r e s p e c t  t o  0 and R i n d e p e n d e n t l y .  Minimiza-  
t i o n  o f  ~ -q i i : i t i on  ( 2 3 )  w i t h  r e s p e c t  t o  R y i e l d s  

A 

The p r o c e d u r e  used h e r e  i s ,  f i r s t ,  assuming R i s  d i a g o n a l  w i t h  i n i t i a l  e s t i -  
111at3s  f o r  tlie d i a g o n a l  e l e m e n t s ,  i t e r a L e  e q u a t i o n  ( 2 4 )  s e v e r a l  t imes.  Th:n, on e a c h  
s t i ~ : ~ c ~ C l i  i g  i t ? r a t i o n ,  f i r s t  e s t i m a t e  R u s i n g  t h e  most  r e c e n t  -va lue  of  0 i n  equa-  
t i n r i s  ( 2 1 )  and ( 3 5 ) )  and t h e n  a p p l y  e q u a t i o n  ( 2 4 )  once  u s i n g  R i n  J(0).  T h i s  two 
s t  + p  p r o ~ ~ s s  i s  r e p e a t e d  each  i t e r a t i o n  t o  conve rgence .  
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The d a t a  from € l i g h t  t e s t s  f o r  t h e  t h r e e  S h u t t l e  v e h i c l e s  were a n a l y z e d  u s i n g  
two Maximum L i k e l i h o o d  p a r a m e t e r  e x t r a c t i o n  c o m p u t e r  p rograms  ( r e f s .  11  and 1 2 ) .  The 
two p rograms  were u s e d  i n d e p e n d e n t l y  by  two i n v e s t i g a t o r s ,  and when t h e  same d a t a  
were p r o c e s s e d ,  s i m i l a r  p a r a m e t e r  v a l u e s  were d e t e r m i n e d .  The p a r a m e t e r  v a l u e s  
r e s u l t i n g  Erom p r o c e s s i n g  t h e  d i f f e r e n t  S h u t t l e  f l i g h t s  were p l o t t e d  v e r s u s  Mach 
number,  and t h e s e  p l o t s  Eorm t h e  b a s i s  f o r  t h e  d i s c u s s i o n .  

ANALYSIS AND RESULTS 

In t h i s  s e c t i o n  t h e  r e s u l t s  o b t a i n e d  i n  t h i s  s t u d y  a r e  d i s c u s s e d .  T h e s e  r e s u l t s  
a r e  b a s e d  on e x t r a c t i n g  t h e  s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s  from 1 6  PTI m a n e u v e r s  
on t h e  t h r e e  F l i g h t s .  The t i m e  s p a n  f o r  t h e  m e a s u r e m e n t s  o b t a i n e d  d u r i n g  t h e  maneu- 
v e r s  r a n g e d  f rom 4 t o  1 5  s e c o n d s  w i t h  t h e  m e a s u r e m e n t s  s ampled  25 t imes a s e c o n d .  

The e s t i m a t i o n  a p p r o a c h  t a k e n  h e r e  is  b a s e d  on  i n f o r m a t i o n  c o n t a i n e d  i n  m e a s u r e d  
a c c e l e r a t i o n s  and r a t e s ,  v a r i o u s  t r a j e c t o r y  p a r a m e t e r s  and t h e  measu red  a t m o s p h e r e .  
The method O F  a n a l y z i n g  a t m o s p h e r i c  m e a s u r e m e n t s  wh ich  a c c o u n t s  f o r  s p a t i a l ,  d i u r n a l ,  
and s e m i d i u r n a l  c o r r e c t i o n s  i s  d e s c r i b e d  b y  P r i c e  ( r e f .  1 3 ) .  T h i s  a t m o s p h e r i c  
i n f o r m a t i o n  is combined  w i t h  o n b o a r d  m e a s u r e m e n t s  o f  a c c e l e r a t i o n s  and r a t e s  i n  o r d e r  
t o  c o n s t r u c t  t h e  t r a j e c t o r y  ( r e f .  1 4 )  wh ich  is u s e d  f o r  e s t i m a t i n g  t h e  s t a b i l i t y  and  
c o n t r o l  d e r i v a t i v e s .  

I n  t h e  r e s u l t s  p r e s e n t e d ,  l a t e r a l  moment d e r i v a t i v e s  a r e  r e l a t i v e  t o  the f l i g h t  

‘YGa 
c e n t e r  o f  g r a v i t y  and were e s t i m a t e d  w i t h  r o t a r y  d e r i v a t i v e s  f i x e d  a t  z e r o  and  
f i x e d  a t  t h e  d a t a  book v a l u e  o f  0.00042 p e r  d e g r e e .  The l o n g i t u d i n a l  d e r i v a t i v e s  

‘z &e g r a v i t y  i n f o r m a t i o n  were s u p p l i e d  by  NASA J o h n s o n  S p a c e  C e n t e r  and a r e  shown i n  
T a b l e  ‘1. The l a t e r a l  t i m e  h i s t o r i e s  f i t  d u r i n g  t h e  e s t i m a t i o n  p r o c e s s  were: B, 
p ,  r ,  6 ,  and a y  and  t h e  l o n g i t u d i n a l  t i m e  h i s t o r i e s  € i t  were V ,  a, q ,  and 

aZ. 
m a t r i x  ( i n v e r s e  o f  t h e  measu remen t  n o i s e  c o v a r i a n c e  m a t r i x ,  R) was i n i t i a l l y  s e t  t o  
a d i a g o n a l  m a t r i x  w i t h  t h e  v a l u e s  796 .3 ,  234 .8 ,  4324 ,  237 .5 ,  and 21820. T h e s e  v a l u e s  
corrcspond,_respectively, t o  t h e  measu red  v a r i a b l e s  B, p ,  r ,  0, and a y .  E s t i -  
r na t ion  o f  R u s i n g  e q u a t i o n  ( 2 5 )  b e g a n  o n  i t e r a t i o n  4 € o r  e a c h  m a n e u v e r ;  from 8 t o  
2 0  i t e r a t i o n s  were r e q u i r e d  f o r  c o n v e r g e n c e .  When t h e  e s t i m a t i o n  method o f  r e f e r -  
e n c e  12  was u s e d ,  t h e  w e i g h t i n g  m a t r i x  was c a l c u l a t e d  b a s e d  on t h e  f i t  t o  t h e  d a t a  
from t h e  i n i t i a l  g u e s s  a t  t h e  p a r a m e t e r  v a l u e s  u s e d  i n  t h e  m a t h e m a t i c a l  model  t o  b e  
e s t i m a t e d .  

and Cmq were  f i x e d  a t  d a t a  book v a l u e s .  All mass  p r o p e r t i e s  and c e n t e r  o f  

For  t h e  l a t e r a l  r u n s  u s i n g  t h e  e s t i m a t i o n  method o f  r e f e r e n c e  11 t h e  w e i g h t i n g  
I 

The e x t r a c t e d  s t a b i l i t y  and c o n t r o l  d e r i v a t i v e s  w i l l  b e  p r e s e n t e d  i n  f i g u r e s  as 
f i i n c t  ions  o f  Mach number. Both f l i g h t - e x t r a c t e d  and p r e d i c t e d  v a l u e s  a l o n g  w i t h  
v a r i a t i o n s  a s s o c i a t e d  w i t h  t h e  p r e d i c t e d  v a l u e s  w i l l  b e  shown. F o r  e x a m p l e ,  f i g u r e  2 
sliows r o l l i n g  mompnt due  t o  s i d e s l i p  a n g l e  a s  a f u n c t i o n  o f  Mach number w i t h  t h e  p r e -  
r l i c t e d  v a l u e s  ( P )  and v a r i a t i o n s  (V) i n d i c a t e d  b y  s o l i d  l i n e s  and t h e  e x t r a c t e d  
v n l u c s  by v a r i o u s  symbol s .  The p r e d i c t e d  v a l u e s  a r e  b a s e d  on d a t a  book v a l u e s ,  wh ich  
a r<>  t h e  r e s u l t  of  numerous p r e f l i g h t  t e s t s  o f  S h u t t l e  a e r o d y n a m i c s  ( r e f .  1 ) .  The 
a c t 1 1 a 1  p r o c c ~ d u r e  f o r  d e v e l o p i n g  t h e  p r e d i c t e d  d e r i v a t i v e  t i m e  h i s t o r i e s  i s  g i v e n  i n  
r c f ( ~ r e n c r !  9. The v a r i a t i o n s  r e f l e c t  u n c e r t a i n t i e s  i n  t h e  d a t a  book v a l u e s ;  t h e y  a r e  
b a s e d  on d i f f e r e n c e s  b e t w e e n  f l i g h t  and p r e d i c t e d  r e s u l t s  f o r  p r e v i o u s l y  r e s e a r c h e d  
a i r c r a f t  and e x t r a p o l a t e d  t o  t h e  S h u t t l e  c o n f i g u r a t i o n .  The u n c e r t a i n t i e s  were n o t  
d e v ~ l o p e d  for  t h e  l o n g i t u d i n a l  m o t i o n  d e r i v a t i v e s .  
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The d i s c u s s i o n  o f  t h e  r e s u l t s  w i l l  b e  s p l i t  i n t o  two p a r t s :  one  f o r  p re sen -  
t a t i o n  of t h e  l a t e r a l  maneuver  r e s u l t s  and one f o r  t h e  p r e s e n t a t i o n  of  t h e  l o n g i t u d i -  
rial inaneriver r e s u l t s .  

Idat cr:i 1 Maneuvers 

The r ; : s u l t s  o b t a i n e d  from a n a l y s i s  o f  t h e  l a t e r a l  maneuvers  w i l l  be  examined i n  
t l i r e e  p a r t s :  t h e  s i d e s l i p  p a r a m e t e r s ,  t h e  a i l e r o n  e f f e c t i v e n e s s  p a r a m e t e r s ,  and t h e  
rudder  e E f e c t i v e n e s s  p a r a m e t e r s .  

S i d e - S l i p  P a r a m e t e r s .  C y B  - The s i d e  f o r c e  due  t o  s i d e s l i p  p a r a m e t e r  i s  shown 
p l o t t e d  v e r s u s  Mach number i n  f i g u r e  2. T h i s  p a r a m e t e r  t ended  t o  be  d i f f i c u l t  t o  
i d e n t i f y ,  a n d  t h e  Cramer-Rao bounds were g e n e r a l l y  g r e a t e r  t h a n  10 p e r c e n t  o f  t h e  
e x t r a c t e d  v a l u e  € o r  t h e  p a r a m e t e r .  If t h e r e  i s  a t r e n d ,  t h e  C h a l l e n g e r  t e n d s  t o  
show l e s s  
i s  no t  c t e i l r .  

A t  t h e  lower  Mach number 
C y B  

becomes more n e g a t i v e ,  b u t  how much B' 

The t r e n d s  € o r  t h e  D i s c o v e r y  v e h i c l e  seem t o  f o l l o w  t h e  p r e f l i g h t  p r e d i c t i o n s  
w e l l  e x c e p t  €or  t h e  s c a t t e r  a t  t h e  lowes t  Mach numbers. The r e s u l t s  show no s i g n i f -  
i c a n t  d i € € e r e n c e s  be tween t h e  Di scove ry  v e h i c l e  and t h e  Columbia and C h a l l e n g e r  veh i -  
c l t s  ( € i y , .  2). For t h e  C y g  p a r a m e t e r ,  t h e  p r e f l i g h t  p r e d i c t i o n  o f f e r s  a r e a s o n a b l e  
r l e s c r i p t i o n  o €  t h i s  d e r i v a t  i v e .  

C i B  - The r o l l i n g  moment due t o  s i d e s l i p  p a r a m e t e r  was wel l  d e t e r m i n e d ,  and t h e  
Cr:iin+r-Roo bounC1s were g e n e r a l l y  l e s s  t h a n  2 p e r c e n t  of  t h e  e x t r a c t e d  p a r a m e t e r  
v n  I . u ~ .  

nuinhers ( F  i;;. 2 ) .  The v a l u e s  d2 te rmined  from t h e  D i s c o v e r y  € l i g h t  d a t a  c o n s i s t e n t l y  
lo l lowed  t ' , i is  t r e n d  e s t a b l i s h e d  by t h e  o t h e r  v e h i c l e s .  In f a c t ,  t h e  D i s c o v e r y  re- 
s i 1 1  t s  were g e n e r a l l y  more c o n s i s t e n t  run- to- run  t h a n  t h o s e  o f  t h e  o t h e r  v e h i c l e s  f o r  
Iliost o f  t lw  Mach r ange .  Relow Mach 5 ,  t h e r e  i s  c o n s i d e r a b l e  s c a t t e r  i n  t h e  

v: i I i ies  e x t r n c t e d  f o r  a l l  t h e  v e h i c l e s  ( f i g .  2 ) .  I n  t h i s  Mach r a n g e ,  t h e  g e n e r a  
tr.,iitl  a g r e e s  w i t h  t h e  p r e f l i g h t  p r e d i c t i o n s  and i n d i c a t e s  a C v a l u e  n e a r  z e r o  f o r  

Y a c h  number l e s s  t h a n  1. The p r r l f  l i g h t  p r e d i c t i o n s  a r e  a r e a s o n a b l e  r e p r e s e n t a t i o n  
o f  c f o r  t h e  mid t o  low Mach numbers ( f i g .  2 ) .  

T b ?  V R  Lues o f  
C i B  

were l e s s  n e g a t i v e  t h a n  p r e d i c t e d  a t  t h e  h i g h e s t  Mach 

% 

ia 

!' I3 
(: - The yawing moment w i t h  s i d e s l i p  a n g l e  p a r a m e t e r  i s  shown p l o t t e d  v e r s u s  

g e n e r a l l y  a g r e e s  w i t h  t h e  pre-  
c,B 

? l ; i t : l i  iiiimher i n  f i g u r e  2 .  The f l i g h t  d e t e r m i n e d  
I I i ; ; l i t  p r e d i c t i n n s  for a l l  v e h i c l e s .  Only i n  t h e  Mach 5 t o  Mach 10 r a n g e  d o  t h e  

V;I l i i r i s  t c r i d  t o  1)c more n e g a t i v e  t h a n  p r e d i c t e d .  The t r e n d s  be low Mach 5 seem t o  b e  
 tio ore c 1 c ; i r l y  d e f i n e d  €o r  a l l  v e h i c l e s  t h a n  f o r  most o f  t h e  o t h e r  p a r a m e t e r s  e x t r a c t e d  
( [ i ; ; .  2). rlg'iin, t h e  
v ~ i r y  w e l l  w i t 1 1  tlie v a l u e s  d e t e r m i n e d  from t h e  f l i g h t  d a t a  o f  t h e  o t h e r  two S h u t t l e  
vc,li i c I P S .  

V R  l u e s  e x t r a c t e d  from t h e  Di scove ry  f l i g h t  d a t a  a g r e e  
c"B 

- The r o l l i n g  moment due t o  a i l e r o n  v e r s u s  'Q6a 
: l : i ~ I i  number i s  shown i n  f i g u r e  3a. The v a l u e s  e x t r a c t e d  from f l i g h t  d a t a  f o r  a l l  
L ! i r - , ? * ;  v e h i c  l e s  sliowed t h c  same t r e n d s  a s  t h e  p r e f l i g h t  p r e d i c t i o n s .  While t h e  
(;r:tincr-i<ac h o u n d s  for C wera ,  i n  g e n e r a l ,  l e s s  t h a n  2 p e r c e n t  of  t h e  e x t r a c t e d  
V ; I ! U ~ S ,  t h e  s c a t ~ e r  i n  t h e  e x t r a c t e d  v a l u e s  i m p l i e s  t h a t  t h e  p a r a m e t e r  may n o t  b e  a s  
w e l l  d e t e r m i n e d  ;is C k B  and cnB ( f i g .  2 ) .  The 3 i s c o v e r y  v e h i c l e  a i l e r o n  showed 

A i  Lert)ii C o n t r o t  E f f e c t i v e n e s s .  -- 

'&a 
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l e s s  e f f e c t i v e n e s s  t h a n  t h e  o t h e r  v e h i c l e s  a t  h i g h  Mach numbers ,  b u t  t h e  l i m i t e d  d a t a  
make c o n c l u s i o n s  d i f f i c u l t .  A s  a g e n e r a l  c o n c l u s i o n ,  f o r  a l l  M.2ch numbers ,  t h e  
p r e f l i g h t  e s t i m a t e s  seem t o  b e  a good r e p r e s e n t a t i o n  o f  C . ‘ 6a 

- The yawing  moment due t o  a i l e r o n  p a r a m e t e r  p l o t t e d  v e r s u s  Mach number i s  
‘n6a 

shown i n  f i g u r e  3b. The p a r a m e t e r  was n o t  e s p e c i a l l y  w e l l  d e t e r m i n e d  a t  t h e  h i g h  
M,ich numbers ,  and t h e  Cramer-Rao bounds  a r e  o n  t h e  o r d e r  o f  10 p e r c e n t  of t h e  
c x t r a c t e d  p a r a m e t e r  v a l u e .  I n  t h e  Mach 18 t o  Mach 5 r a n g e ,  t h e  d e t e r m i n a t i o n  was 
b e t t e r ,  b u t  t h e  Cramer-Rao bounds  were s t i l l  h i g h .  Below Mach 5 Cn6a showed t h e  

s m e  s c a t t e r  t h a t  h a s  b e e n  s e e n  f rom most  o f  t h e  p a r a m e t e r s .  The v a l u e s  o f  Cn6a 

f o r  t h e  D i s c o v e r y  v e h i c l e  g e n e r a l l y  f o l l o w e d  t h e  same t r e n d s  a s  t h o s e  s e e n  f o r  t h e  
Columbia and C h a l l e n g e r  v e h i c l e s ;  however ,  t h e y  seem t o  i n d i c a t e  s l i g h t l y  less a i l e -  
r o n  e f f e c t  a t  t h e  h i g h e r  Mach numbers ( f i g .  3 b ) .  The v a l u e s  d e t e r m i n e d  f rom f l i g h t  
d a t a  f o r  a l l  t h r e e  v e h i c l e s  f o l l o w e d  t h e  same t r e n d s  as t h e  p r e f l i g h t  p r e d i c t i o n s .  
Hence, t h e s e  p r e d i c t i o n s  a r e  a r e a s o n a b l e  r e p r e s e n t a t i o n  o f  t h e  v a l u e  o f  cn 6a 

Rudder  C o n t r o l  E € f e c t i v e n e s s .  Cggr - The r o l l i n g  moment d u e  t o  r u d d e r  p a r a m e t e r  
p l o t t e d  v e r s u s  Mach numbers  is  shown i n  f i g u r e  4 a .  The p a r a m e t e r  was w e l l  d e t e r m i n e d  
and t h e  v a l u e s  e x t r a c t e d  f rom f l i g h t  d a t a  f o r  e a c h  o f  t h e  S h u t t l e  v e h i c l e s  showed 
t r e n d s  s i m i l a r  t o  t h o s e  of t h e  p r e f l i g h t  p r e d i c t i o n s .  The CQ, v a l u e s  d e t e r m i n e d  
u s i n g  t h e  D i s c o v e r y  f l i g h t  d a t a  a g r e e d  w e l l  w i t h  t h e  p r e f l i g h t  p r e d i c t i o n s ,  even a t  
t h e  lower Mach numbers .  Aga in ,  t h e  p a r a m e t e r s  d e t e r m i n e d  u s i n g  f l i g h t  t e s t  d a t a  a r e  
s i m i l a r  i n  v a l u e  and  t r e n d  t o  t h e  p r e f l i g h t  p r e d i c t i o n s  i n d i c a t i n g  t h a t  t h e  l a t t e r  
a r e  r e a s o n a b l e  f o r  t h e  p a r a m e t e r .  

“ 6 ,  

- The yawing  moment due  t o  r u d d e r  p a r a m e t e r  p l o t t e d  v e r s u s  Mach number i s  ‘n6r 
shown i n  f i g u r e  4b .  The p a r a m e t e r  was w e l l  d e t e r m i n e d  and  d i d  n o t  show much s c a t t e r .  
The v a l u e s  d e t e r m i n e d  u s i n g  t h e  Columbia  and C h a l l e n g e r  v e h i c l e s  showed s i m i l a r  

The v a l u e s  d e t e r m i n e d  u s i n g  t h e  D i s c o v e r y  f l i g h t  d a t a  t r e n d s  and v a l u e s  f o r  

a g r e e  w e l l  w i t h  t h o s e  o b t a i n e d  u s i n g  f l i g h t  d a t a  from t h e  o t h e r  v e h i c l e s .  However,  
for  a l l  v e h i c L e s  

‘n6r’ 

was c o n s i s t e n t l y  less  e f f e c t i v e  t h a n  p r e d i c t e d  a b o v e  Mach 2 .  
‘n6r 

In summary, t h e  p a r a m e t e r  v a l u e s  d e t e r m i n e d  u s i n g  d a t a  f rom t h e  t h r e e  v e h i c l e s  
a g r e e  v e r y  w e l t .  I n  most  c a s e s ,  t h e  p a r a m e t e r s ,  w i t h  Cramer-Rao b o u n d s  a p p r o x i m a t e l y  
2 p e r c e n t  of  t h e  e x t r a c t e d  v a l u e ,  a g r e e  w e l l  w i t h  t h e  p r e f l i g h t  p r e d i c t i o n s .  AS a 
f u r t h e r  c h e c k ,  s e v e r a l  p l a c e s  were found on  t h e  D i s c o v e r y  f l i g h t  t a p e  where  t h e r e  
w e r e  a i l e r o n  t r i m  s e t t i n g s  p r i o r  t o  m a n e u v e r s .  For e a c h  a i l e r o n  t r i m  t h e r e  was a 

t o  c r a t i o  t r i m  s i d e s l i p  a n g l e  and t h e  r a t i o  g a v e  a n  i n d i c a t i o n  o f  t h e  C 

t h a t  m i g h t  be e x p e c t e d  f rom t h e  maneuver .  S i n c e  t h e r e  w e r e  t r i m  p o i n t s  a t  d i f f e r e n t  
Mach numbers ,  any  v a r i a t i o n  i n  t h i s  r a t i o  w i t h  Mach numbers  s h o u l d  b e  i n d i c a t e d .  The 

‘8 ‘ 6a 

t o  c 
‘8 ‘&a 

t o  c r a t i o s  and t h e  p r e d i c t e d  C 
‘B ‘ 6a 

t r i m  r a t i o s ,  e s t i m a t e d  C 

r - : i t ios ,  a r e  a l l  g i v e n  i n  T a b l e  11 f o r  s e v e r a l  Mach numbers where  t h e  t r i m  was w e l l  
+:nough e s t a b l i s h e d  t o  make t h e  c a l c u l a t i o n s .  The d a t a  i n  t h e  t a b l e  show t h a t  t h e  
pnr;rmeter  r a t i o s  c a l c u l a t e d  f rom t r i m  were i n  f a i r  a g r e e m e n t  w i t h  r a t i o s  d e t e r m i n e d  
11s ink; t h e  e x t r a c t e d  p a r a m e t e r s ,  arid b o t h  showed r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  p r e -  
f Li;;llt p r e d i c t i o n  r a t i o s .  The t r e n d s  w i t h  Mach number were a l s o  p r e d i c t e d  by  t h e  
t r i m  s e t t i n g s ,  i n d i c a t i n g  t h a t  t h e  t r e n d s  d e t e r m i n e d  from t h e  f l i g h t  t e s t  f o r  

seem r e a s o n a b l e .  ‘E6a C E 8  ant1 
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L o n g i t u d i n a l  Maneuvers 

A t t e m p t s  t o  d e t e r m i n e  l o n g i t u d i n a l  ae rodynamic  p a r a m e t e r s  from f l i g h t  d a t a  f o r  
t h e  S h u t t  l c !  v e h i c l e  h a v e  b e e n  o n l y  p a r t i a l l y  s u c c e s s f u l .  S e v e r a l  f a c t o r s  c o n t r i b u t e  
t o  t h i s  l i m i t e d  s u c c e s s .  F i r s t ,  t h e  p e r t u r b a t i o n s  t h a t  a r e  a l l o w e d  by s a f e t y  c o n s i -  
d e r a t  i o n s  a r e  s o  s m a l l  t h a t  t h e  v e h i c l e  c a n n o t  be d i s t u r b e d  s u f f i c i e n t l y  t o  have 
r e s p o n s e s  ':hat a r e  l a rge  enough f o r  good p a r a m e t e r  i d e n t i f i c a t i o n .  S e c o n d l y ,  o n l y  
the  c o n t r o l  s u r f a c e s  a r e  a v a i l a b l e  t o  p e r t u r b  t h e  v e h i c l e  and t h e s e  move s o  s l o w l y  
t h a t  t r u e  . s t ep  i n p u t s  c a n n o t  b e  used t o  d i s t u r b  t h e  v e h i c l e .  Responses  t o  t h e  slower 
i n p u t s  c a n  l e a d  t o  c o r r e l a t i o n  p rob lems  d u r i n g  p a r a m e t e r  e x t r a c t i o n .  Hence, a 
l i m i t e d  d i s c u s s i o n  o f  s e l e c t e d  l o n g i t u d i n a l  p a r a m e t e r s  w i l l  be p r e s e n t e d .  

Recause of i d e n t i f i a b i l i t y  and c o r r e l a t i o n  p rob lems ,  t h e  l o n g i t u d i n a l  p a r a m e t e r s  
w i l l  f i r s t  b e  d i s c u s s e d  as  a g r o u p  and t h e n  i n d i v i d u a l  p a r a m e t e r  c h a r a c t e r i s t i c s  w i l l  
he d i s c u s s e d .  The d i s c u s s i o n  w i l l  c e n t e r  on  t h r e e  l o n g i t u d i n a l  p a r a m e t e r s :  
t h e  change  i n  f o r c e  a l o n g  t h e  "Z" body a x i s  w i t h  a n g l e - o f - a t t a c k  change ;  
p i t c h i n g  moment due  t o  a n g l e - o f - a t t a c k  change ;  and 
e l e v o n  change.  The m o t i o n  o f  t h e  S h u t t l e  a b o u t  some t r i m  c o n d i t i o n s  r e s u l t i n g  from a 
c o n t r o l  i n p u t  c a n  h e  d e s c r i b e d  u s i n g  a s e t  o f  e q u a t i o n s  c o n t a i n i n g  
c o e f f i c i e n t )  and t h e  t h r e e  p a r a m e t e r s  unde r  d i s c u s s i o n .  T h i s  r e d u c e d  mathematical  
model w i l l  d e s c r i b e  a b o u t  90 p e r c e n t  o f  t h e  m o t i o n  a b o u t  t h e  t r i m  c o n d i t i o n .  S i n c e  
t h e  p a r a m e t e r s  CZ,, Cma, and d e s c r i b e  t h e  m a j o r i t y  o f  the v e h i c l e  m o t i o n ,  

t h e y  c a n  b e  i d e n t i f i e d  w i t h  t h e  g r e a t e s t  c o n f i d e n c e ,  and o n l y  t h e s e  p a r a m e t e r s  w i l l  
be  d i s c u s s e d  i n  t h e  p a p e r .  The t h r e e  p a r a m e t e r s  a r e  p l o t t e d  v e r s u s  Mach number and 
a r e  shown a s  F i g u r e  5. 

Cza, 
Cma, t h e  

Cmse,  t h e  p i t c h i n g  moment d u e  t o  

Cz0 ( t r i m  

The p a r a m e t e r  was b e s t  d e f i n e d  w i t h  a Cramer-Rao bound less t h a n  3 per -  
c e n t  oE t h e  e x t r a c t e d  p a r a m e t e r  v a l u e .  CZ, 
5 p e r c e n t  O F  t h e  e x t r a c t e d  v a l u e  w h i l e  Cma 
ttie e x t r a c t e d  v a l u e .  C a n d  Cma were c o r r e l a t e d  i n  a l m o s t  a l l  cases. In s p i t e  
o f  t t ie c o r r e l a t i o n  and poor  i d e n t i f i a b i l i t y  p rob lems  p r e v i o u s l y  m e n t i o n e d ,  
C , and 

( f i r , .  5b and 5 c ) .  

had Cramer-Rao bounds t h a t  were a b o u t  
had bounds t h a t  were a b o u t  10 p e r c e n t  o f  

m6e 
Cz., 

g e n e r a l l y  showed t r e n d s  s i m i l a r  t o  t h o s e  o f  t h e  p r e f l i g h t  d a t a  book 'm a !e 

Cz, -. The parameter v a l u e s  d e t e r m i n e d  showed t h a t  above Mach 15, C z ,  was 
gencr;i  I Ly more n e g a t i v e  t h a n  p r ? d  i c t e d  ( s o l  id  c u r v e )  when t h e  Maximum L i k e l i h o o d  
e s t i m a t o r  was  used ( f i g .  5 a ) .  In  many c a s e s  be low Mach 15 t h e  v a l u e s  o b t a i n e d  u s i n g  
the  Co1iiml)i.i f l i g h t  d a t a  t ended  t o  be l e s s  n e g a t i v e  t h a n  p r e d i c t e d  w h i l e  t he  v a l u e s  
o h t ; ~ i n e d  u s i n g  t h e  C h a l l e n g e r  d a t a  t ended  t o  b e  more n e g a t i v e  t h a n  p r e d i c t e d .  The 
t r e n d s  s e e n  u s i n g  Columbia d a t a  were a l s o  e v i d e n t  i n  t h e  r e s u l t s  o f  r e f e r e n c e  15. 
V ; ~ l u e s  of  CZ c a l c u l a t e d  from s t e a d y - s t a t e  r e l a t i o n s  showed t r e n d s  c lose  t o  t h o s e  a 
o f  t h e  p r e f l i g h t  p r e d i c t i o n s  ( F i g .  Sa ) .  Yost  o f  t h e s e  c a l c u l a t i o n s  were made u s i n g  
( l a t i  from Ci-,lumbia € l i g h t s .  

The TJalues €o r  
C z a  

s imi la r  t o  t h o s e  € o r  t h e  C h a l l e n g e r  v e h i c l e .  However, when t h e  f l i g h t  d a t a  from t h e  
\ + x c o n d  D i  i c a v e r y  f l i g h t  were used t o  d e t e r m i n e  
t , i i ned  were c o n s i s t e n t l y  less n e g a t i v e  t h a n  t h e  v a l u e s  o b t a i n e d  u s i n g  t h e  d a t a  from 
ttie f i r s t  D i s c o v e r y  f l i g h t  and froin t h e  C h a l l e n g e r  f l i g h t s  ( f i g .  5 a ) .  An examinat ion  
o f  t h e  d i f f e r e n t  s e t s  o f  d a t a  showed t h a t  p u l s e - t y p e  commands were used  t o  e x c i t e  the  
~ 1 . 1 1 i c  l e  f > r  L o n g i t u d i n a l  p a r a m e t e r  e x t r a c t i o n  d u r i n g  t h e  C h a l l e n g e r  f l i g h t s  and a l s o  

o b t a i n e d  u s i n g  t h e  d a t a  from t h e  f i r s t  D i s c o v e r y  f l i g h t  are  

CZ, above  Mach 5,  t h e  v a l u e s  ob- 
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€ o r  t h e  f i r s t  D i s c o v e r y  f l i g h t .  D u r i n g  t h e  s e c o n d  D i s c o v e r y  f l i g h t  d o u b l e t  commands 
were used  above  Mach 5 t o  e x c i t e  t h e  v e h i c l e .  The a c t u a l  e l e v o n  s u r f a c e  m o t i o n  was 
n o t  a t r u e  d o u b l e t  b e c a u s e  t h e  a u t o m a t i c  c o n t r o l  s y s t e m  m o d i f i e d  t h e  i n p u t .  A s a m p l e  
t i m e  h i s t o r y  of t h e  e l e v o n  i n p u t s  for  t h e  f i r s t  and s e c o n d  D i s c o v e r y  f l i g h t s  is  shown 
i n  f i g u r e  6. The p a r a m e t e r  v a l u e s  e x t r a c t e d  for e a c h  i n p u t  a r e  g i v e n  i n  T a b l e  11. 
The cza v a l u e  is  c l e a r l y  s i g n i f i c a n t l y  d i f f e r e n t .  In mos t  cases t h e  Cramer-Rao 
bounds  were a b o u t  5 p e r c e n t  o f  t h e  e x t r a c t e d  p a r a m e t e r  v a l u e  i m p l y i n g  some c o n f i d e n c e  
i n  t h e  v a l u e s  e x t r a c t e d .  

When Cza was f i x e d  a t  t h e  p r e f l i g h t  p r e d i c t i o n s ,  were unchanged o r  were 
c l o s e  t o  t h e  p r e E l i g h t  v a l u e s  i n  a m a j o r i t y  o f  t h e  c a s e s  examined  ( f i g .  5 a ) .  T h i s  
n e w  s e t  o f  p a r a m e t e r s  s t i l l  d e s c r i b e d  a b o u t  90 p e r c e n t  o f  t h e  p e r t u r b a t i o n  f rom t r i m  
m o t i o n  o f  t h e  S h u t t l e .  T h i s  i m p l i e s  t h a t  t h e  r e s t r i c t e d  i n p u t s  c o u l d  n o t  e x c i t e  t h e  
v e h i c l e  enough  t o  i d e n t i f y  a l l  o f  t h e  p a r a m e t e r s  i n  t h e  assumed m a t h e m a t i c a l  m o d e l ,  
and t h a t  a l t h o u g h  seemed r e a s o n a b l y  w e l l  i d e n t i f i e d ,  a c h a n g e  o f  o v e r  50 p e r -  
c e n t  i n  t h e  p a r a m e t e r  v a l u e  d i d  not h a v e  a s e r i o u s  e f f e c t  on t h e  f i t  t o  t h e  d a t a  or 
t h e  v a l u e s  o f  Cm6e and ha. By f i x i n g  C z a  f o r  s e l e c t e d  r u n s  t h r o u g h o u t  t h e  Mach 

r a n g e ,  a model c l o s e r  t o  t h e  p r e f l i g h t  p r e d i c t i o n s  t h a t  s t i l l  f i t s  t h e  f l i g h t  d a t a  
c o u l d  b e  o b t a i n e d .  Below Mach 5 ,  however ,  some q u e s t i o n s  s t i l l  r e m a i n  a s  t o  t h e  b e s t  
model  t o  r e p r e s e n t  t h e  S h u t t l e  l o n g i t u d i n a l  a e r o d y n a m i c s  and t h i s  w i l l  b e  a d d r e s s e d  
i n  t h e  s e c t i o n  d i s c u s s i n g  C and C . 

C z ,  

“a 6e 
C and C - S i n c e  t h e s e  p a r a m e t e r s  a r e  c o r r e l a t e d  f o r  most o f  t h e  S h u t t l e  
ma  “‘6e 

r u n s  examined ,  t h e y  w i l l  b e  d i s c u s s e d  t o g e t h e r .  A t  t h e  h i g h e r  Mach numbers  t h e r e  was 
c o n s i d e r a b l e  s c a t t e r  i n  t h e  e x t r a c t e d  v a l u e s  f o r  

f o l l o w e d  t h o s e  o f  t h e  p r e f l i g h t  p r e d i c t i o n s  ( f i g .  5 b ) .  Below Mach 5 ,  t h e  v a l u e s  
e x t r a c t e d  f o r  t e n d e d  t o  show less e l e v o n  e f f e c t i v e n e s s  t h a n  p r e d i c t e d .  F o r  

t h e  Columbia  v e h i c l e  t h i s  t r e n d  was a l s o  shown i n  r e f e r e n c e  15. However,  i n  t h e  Mach 
g r e a t e r  t h a n  5 r a n g e ,  when 

a 
g e n e r a l l y  changed  v e r y  l i t t l e .  Whi l e  

c a s e s  t h e r e  were some s i g n i f i c a n t  v a r i a t i o n s  s e e n .  T h i s  was n o t  u n e x p e c t e d  b e c a u s e  

‘m a 6e 
o t h e r  two p a r a m e t e r s ,  t h e  f i t  t o  t h e  d a t a  d i d  n o t  s u f f e r  s i g n i f i c a n t l y .  

, b u t  t h e  t r e n d s  g e n e r a l l y  
‘ma 

‘mde 

was f i x e d  a t  t h e  p r e f l i g h t  p r e d i c t i o n s ,  
‘m de  

v a r i a t i o n s  were less t h a t  10% f o r  mos t  

was n o t  w e l l  i d e n t i f i e d .  S i n c e  C is  c o n s i d e r e d  b e t t e r  d e f i n e d  t h a n  t h e  

For Mach less t h a n  5 ,  t h e  t r e n d s  o f  t h e  e x t r a c t e d  v a l u e s  of &6e and  Cma 
Fol lowed t h e  t r e n d s  o f  t h e  p r e f l i g h t  p r e d i c t i o n s  down t o  Mach numbers  l e s s  t h a n  2 

c ( f i g .  5 ) .  The m a g n i t u d e  o f  t h e  ha v a l u e s  g e n e r a l l y  f o l l o w e d  t h e  t r e n d s  of 
t.he p r e E l i g h t  e s t i m a t e s .  However, t h e  e x t r a c t e d  v a l u e s  o f  were g e n e r a l l y  30 
t o  50 p e r c e n t  Less t h a n  t h e  p r e d i c t e d  v a l u e s .  I n  t h i s  Mach r a n g e  f i x i n g  
n o t  s i g n i f i c a n t l y  a f F e c t  C i n  most  c a s e s ,  b u t  some s i g n i f i c a n t  c h a n g e s  were s e e n  

( f i g .  5 b ) .  The mos t  s e r i o u s  d i f f e r e n c e  be tween  t h e  p r e f l i g h t  p r e d i c t i o n s  o f  
t h e  l n i i g i t u d  i n a l  p a r a m e t e r s  and t h e  f l i g h t  d e t e r m i n e d  p a r a m e t e r s  is  t h e  r e d u c e d  
c t e v o n  e f E e c t i v e n e s s  as i n d i c a t e d  by  C a r o u n d  Mach 1. T h i s  is  i l l u s t r a t e d  b y  

a 
c o n s i d e r i n g  t h e  s i t u a t i o n  w h e r e  b o t h  

e x t r a c t e d  were a s  much a s  100 p e r c e n t  d i f f e r e n t  d i c t i o n s ,  t h e n  t h e  v a l u e s  o f  
from t h e  p r e f l i g h t  p r e d i c t i o n s ,  and i n  many c a s e s ,  became p o s i t i v e .  The f i t  a l s o  de- 
g r a d e d  f o r  t h e s e  c a s e s .  A l t h o u g h  t h e r e  a r e  o n l y  f i v e  r u n s  n e a r  Mach l w h e r e  t h e  

( f i g .  5 ) .  RoLow Mach 2 t h e  p r e f l i g h t  p r e d i c t i o n s  show l a r g e  v a r i a t i o n s  i n  %a a n d  

‘Il6e 

I 
d i d  ‘m &e 

a 
6e 

c m a  

a r e  s e t  t o  t h e  p r e f l i g h t  p r e -  
&e 

m6e and C 

‘ma 
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p r e d  icteSI h a s  t h e  g r e a t e s t  magn i tude ,  t h e  p r e f l i g h t  p r e d i c t i o n s  imply  more 
t h a n  was Eound u s i n g  t h e  f l i g h t  t e s t  r e s u l t s .  

Above Mach 5 t h e  Di scove ry  v e h i c l e  r e s u l t s  show t h e  same t r e n d s  f o r  C z a ,  Cma, 
a n d  Cm6c5 

t !xc  i t e  t h e  v o h i c  Le. was c o n s i s t e n t l y  more n e g a t i v e  t h a n  t h e  p r e f l i g h t  p re -  
d i c t i o n s .  Ilowever, when a d i f f e r e n t  i n p u t  form w a s  u s e d ,  t h e  v a l u e s  were c o n s i -  
d e r n h  ly  Less n e g a t i v e  t h a n  p r e d i c t e d .  Fo r  t h e  Columbia and Di scove ry  maneuvers where  

(?a 
same t r e l i d s  as s e e n  w i t h  t h e  C h a l l e n g e r  and f i r s t  D i s c o v e r y  f l i g h t s .  

a s  t h e  C h a l l e n g e r  v e h i c l e  when t h e  same c o n t r o l  i n p u t s  were used  t o  

and C s t i l l  g e n e r a l l y  showed t h e  
'ma 6e 

was Less n e g a t i v e  t h a n  p r e d i c t e d ,  

In  a l l  c a s e s  u s i n g  Di scove ry  f l i g h t  d a t a  t a k e n  above  Mach 5, f i x i n g  
p r e f l i g h t  v a l u e s  r -3su l t ed  i n  a m a t h e m a t i c a l  model t h a t  d e s c r i b e d  t h e  m o t i o n  o f  t h e  
v e h i c l e  a n d  t h a t  showed t r e n d s  s i m i l a r  t o  t h o s e  o f  t h e  p r e f l i g h t  p r e d i c t i o n s  
( f i g .  5 ) .  

C z a  a t  t h e  

F o r  %be  and ha i n  t h e  Mach number l e s s  t h a n  5 r a n g e ,  t h e  v a l u e s  e s t i m a t e d  
i is ing Di scove ry  d a t a  were c l o s e  t o  t h e  p r e f l i g h t  p r e d i c t i o n s  e x c e p t  a round  Mach 1, 
a n d  f i x i n g  Cz,  d i d  n o t  change  t h e s e  v a l u e s  s i g n i f i c a n t l y .  A s  p r e v i o u s l y  d i s c u s s e d ,  
thP V:IlIlPs of  Cln6D e x t r a c t e d  From f l i g h t  d a t a  in t h e  Mach 1.5 t o  0.6 r a n g e ,  were 

s i g n i  f i c n n t l y  d i f f e r e n t  from t h e  p r e f l i g h t  p r e d i c t i o n s .  However, f o r  t h e  r e s t  o f  t h e  
N;rcli r a n g e ,  t h e  prp f l i g h t  p r e d i c t i o n s  s h o u l d  be  c o n s i d e r e d  a r e a s o n a b l e  r e p r e s e n t a -  
t i o n  oE t h e  ae rodynamics ,  n o t  o n l y  o f  t h e  D i s c o v e r y  v e h i c l e ,  b u t  f o r  t h e  Columbia and 
C h n l  t e n y e r  v e h i c l e s  a l s o .  

C O N C L U S I O N S  

'The D i s c o v e r y ,  C h a l l e n g e r ,  and Columbia a l l  e x h i b i t e d  s i m i l a r  l a t e r a l  and l o n g i -  
t i i d  in;iL nerotlynainic c h a r a c t e r i s t i c s .  The p r e f l i g h t  p r e d i c t i o n s  a r e  a r e a s o n a b l e  
rPpr<Lsenta t  i o n  o f  t h e  S h u t t l e  ae rodynamics  f o r  a l l  v e h i c l e s  e x c e p t  f o r  t h r e e  c a s e s .  
'rile f i ra ; t  i s  f o r  C Q  

( l $ ~ t ~ ~ r r n i i i ~ ~ i l  pa ra ins t e r  v a l u e  i s  smal Ler t h a n  p r e d i c t e d .  The second e x c e p t i o n  i s  t h a t  
€o r  M;izh nilinhers g r e a t e r  t h a n  2 was d e t e r m i n e d  t o  i n d i c a t e  l ess  r u d d e r  e f f e c -  c 

t 1 v ~ ~ n o s  i t 11an  p r + d  ic ted. T h i r d  l y ,  

. ippr I ,x imat r~  Ly t h i r t y  p e r c e n t  l e s s  e l e v o n  e f E e c t i v e n e s s  t h a n  p r e d i c t e d .  

i n  t h e  Mach number  g r e a t e r  t h a n  15 r ange  where  t h e  € l i g h t -  

I.' 6 r 
in t h e  Mach 1.5 to 0.6 range i n d i c a t e d  'm6e  

ORIGINAL PAGS IS 
OE POOR QUALITY 
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T a b l e  I Comparison o f  Tr im Curve  and 
P a r a m e t e r  R a t i o s  

F 1 ig h t P r  e d  i c  t e d  

'8 
C 

'8 
Mach A i l e r o n  T r i m /  C 

Number Beta  Tr im 

1 .93 .91 .93 

3 2 .32 2.04 1.96 

4 2.5 3.23 2 .o 

6 1.82 1.67 1.43 

22  I .41 1.39 1.32  

T a b l e  11 Parameters  E x t r a c t e d  from D i f f e r e n t  
Discovery I n p u t s  a t  Mach = 8 

€or  I n p u t s  o f  F i g u r e  5 

P a r  ame t e r I n p u t  1 I n p u t  2 

1.03 -. 96 

-4.58 -. 78  

C -. 11 -.15 
"'a 
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Senses indicated 
are positive . 

w 

Figure 1.- Schematic of Shuttle vehicle showing body axes and 
Dositive senses of accelerations, rates, velocities, 
moments and angles. 
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( 8 )  Input 1 ( F i r s t  D i s c o v e r y  F l i g h t )  

c 1 1 1 1 1 

0 2 4 6 R 10 

T i m e ,  sec. 

( b )  Input 2 (Second Discovery  F l i g h t )  

r icf , , re  r, - Elevon c o n t r o l  i n p u t s  used for  Discovery  
parameter i d e n t i f i c a t i o n  Mach > 5 .  
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